In this chapter we give the hole energy eigenvalues and eigenfunctions for the nitride based II I-V semiconductor QDs which exist in both zinc-blende and wurtzite structures.
Zinc-blende Hamiltonian Vs Wurtzite Hamiltonian
We have calculated the hole state energy eigenvalues and eigenfunctions for two distinct crystal structures: zinc-blende and wurtzite by diagonalizing their respective Hamiltonians.
We have studied the III-V nitride based semiconductor QDs-AlN, GaN, InN because crystal field is -ve for wurtzite AlN(w-AlN) and positive for wurtzite GaN(w-GaN) and InN(w-InN).
We present our results in the absence as well as presence of spin orbit coupling(SOC).
Zero SOC case: Wurtzite Structure
The Hamiltonian in effective-mass theory, for hole states for wurtzite structure in the zero SOC limit is given by [38] 
(H S -T)
2mo -T* -S* PI (3.2) where, the expressions for PI, S, -T ... . etc. are given in Chapter 2.
Zero SOC case: Zinc blende structure
While the basic structure in wurtzite is hexagonal close packed(hcp), the basic structure in zinc-blende is face centered cubic(fcc). There are no crystal field effects and also the terms linear in momentum are absent in the zinc-blende Hamiltonian. The transitions from the Hamiltonian Ho in the wurtzite case to the corresponding one in the zinc-blende is easily obtained by putting
Hamiltonian is given by
The above hamiltonian in the basis 11, 1),11,0) and 11, -1) is given in Appendix-C. Baldereschi and Lipari [67] have shown that in the spherical symmetry approximation, the Hamiltonian for hole states for zinc-blende structure can be put in the form (Appendix-B)
where p(2) is the second rank tensor formed out of the momentum components mentioned earlier, 1(2) is a second rank tensor representing the angular momentum 1 and /'1 and /-l are given by /'1 = L+;M, /-l = 2(~(Z~~~N. The parameter /'1 is related to the average energy and /-l is related to the amount of splitting of the two bands. The values of the parameters /'1, /-l, ~cr and -~so(spin-orbit splitting) etc. for GaN, InN and AlN are given in Table I [59].
Finite SOC case
To take into account the spin-orbit interaction, the basis is enlarged by taking a direct product of the earlier basis 11,1) , 11,0) ,11, -1) and the spin eigenstates lUI) = 11, 1) I~,~), I U 2) = 11, 0) I~,~),
The hole Hamiltonian, which is expressed in the above basis is given by (3.6) where 0 is a 3x3 null matrix and Hso is the Hamiltonian due to the spin-orbit interaction which is given by
where .A characterizes the strength of the interaction since .A = ~. An alternative way to incorpora.te the spin-orbit interaction for zinc-blende structures is given in Appendix-G For zinc-blende structures there is an alernative way to find the eigenvalues and eigenfunctions which relates to finding the solutions of the boundary value problem with the Hamiltonian given by Eq. 3.4. As mentioned in Chapter. 2, since p(2) and 1(2) are second rank tensors, a wavefunction of the form (3.11) n n .is assumed. As before, k~R = a~ is the nth zero of jdx). In 1(£,1) P, M) the orbital angular momentum £ is coupled to angular momentum 1(= 1) to obtain P, M being the corresponding z-component. Substitution of W in the Schrodinger equation with H given by Eq. (3.4) leads to secular equations involving the coefficients an and b n , the solution of which yield both the eigenvalues and eigenfunctions of the hole states.
Results and Discussion

Zero SOC Case: Zinc-Blende Structure
We first compare the energy eigenvalues and eigenfunctions for zinc-blende and wurtzite structures in the absence of SOC. As is evident from Table I , the spin orbit effect is much smaller than crystal field effect in AIN, GaN and InN. Later we shall consider the changes in the trends in eigenvalues and eigenfunctions when the spin-orbit effect is added.
The hole energy spectra for GaN as a function of the dot radius for the zinc-blende structure are shown in Figure. 3.1(a)(even parity states), and Figure (i) The lowest curves are completely flat for large R, but as the radius is decreased the curves show a downward slope before becoming flat for very small Ragain.
(ii) As one goes up in energy, the transitions seem to be occurring for higher R. 
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Jo.. For QDs having the wurtzite structure, the axial component of the total angular momentum M is conserved and M = 0 for the lowest eigenfunction. Since M = £z + I z and I z is +1 or -1 for the lowest state in GaN, InN (being linear combinations of 11,1) and 11, -1)) an M = 0 state must also have £z as -lor +1. The lowest £ for which this can happen is £ = 1. For AIN on the other hand Iz = 0 for the lowest state and M = 0 will be obtained from £z = 0 and this can come from an S state. These observations are consistent with the result that the ground state in AIN is an S state while the ground states in GaN and InN are P states. The 11,1) and 11, -1) states being linear combinations of X-, V-like states are spatially more spread out than the Z-like states which are confined to a narrow region surrounding the z-axis. This confinement may also explain the higher ground state energy in case of AlN.
In case of the zinc-blende Hamiltonian 1\ = 0, Doer = 0, Al = A~ and A2 = A 3 . Thus all the terms in the Hamiltonian matrix given in Eq. (3.12) are constant and we get straight curves in units of Eo, as shown in Figures.3.1(a) and 3.2(a) . Also, we observe that the three directions x, y, z are equivalent and hence the ground and low lying states are mixtures of all the three states 11,1), 11,0) and 11, -1). Very high excited states have large momentum-dependent contributions. In case of wurtzite, for very high excited states the effects of 6.cr term becomes negligible compared to momentum dependent contributions and hence the spectrum approaches the zinc-blende spectrum as is indicated by the presence of all the three components 11,1), 11,0) and 11, -1) in the eigenstates for the flat portions of the graphs obtained for wurtzite structures. For very small R also, the effects of 6.cr term become negligible. The spectrum will again approach that of zinc-blende. In the intermediate R region the ~2 behaviour represented by straight line in Co units, is not observed because effects due to the momentum dependent terms and crystal field term are comparable. Clearly for higher excited states this transition will occur at higher R.
Results with SOC
The II 1-V nitrides have low spin orbit interaction. In the wurtzite structures of these nitrides the spin orbit splitting is smaller than the crystal field splitting(see Table I .). The spin orbit interaction part, will add terms in the Hamiltonian given in Eq. (3.1) which are independent of R. Expressed in units of co, these terms will increase as R2. The hole energy spectra for GaN as a function of the dot radius for the zinc blende structure in the presence .of SOC are shown in Figure. 3. l(b) (even parity states) and Figure. (1) the crossing of levels take place at a much lower value of R than in GaN and InN. As in the zero SOC case, in GaN and InN, the lower states in the spectra for large R are mixtures of 11,1) and 11, -1) states but for lmver R 11,0) state also appears(given in The band gap as a function of radius of the QD is plotted for both the zinc-blende and wurtzite structures in Figure. 3.8
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Conclusions
The electronic structure of QDs of the II 1-V nitrides InN, GaN and AlN have been studied both for the zinc-blende and wurtzite structures. It has been found that:
(1) The energies for the zinc-blende structure as a function of dot radius R has a strict ~2 dependence for zero SOC. In the presence of SOC the energies fall off more slowly and do not follow strict ~2 dependence at large R.
(2) For wurtzite structure ehergies vary as ~2 for very large and very small R in the zero SOC case. In the intermediate region, effects due to crystal field terms and linear terms in the Hamiltonian become important and the R dependence is more complex.
(3) Similar to the zinc-blende case in wurtzite with SOC, the energies falloff more slowly than ~2 for large values of R. The deviation from the ~2 bahaviour for large R is much less in AlN than in GaN and InN. This is because in the case of AlN, 6. cr is negative and partially cancels the spin-orbit effect.
(4) The lowest states in GaN and InN materials are, P states and not S states whereas for AlN the lowest state is an S state.
(5) For very small QD radius and also for very high excited states of large QDs, both the eigenstates and dependence of eigenvalues on R, in case of wurtzite approaches those in case of zinc blende.
